There is a pressing need to better understand the mechanisms underpinning the increasingly 24 recognised non-motor deficits in Parkinson's disease. Brain activity during Parkinson's 25 disease is excessively synchronized within the beta range (12-30Hz). However, relatively 26 little is known about how the abnormal beta rhythms impact on non-motor symptoms. In 27 healthy adults, beta desynchronization is necessary for successful episodic memory 28 formation. We investigated whether there was a direct relationship between decreased beta 29 modulation and memory formation in Parkinson's disease. Electroencephalography 30 recordings were made during an established memory-encoding paradigm. Parkinson's 31 participants showed impaired memory strength (P = 0.023) and reduced beta 32 desynchronization (P = 0.014) relative to controls. Longer disease duration was correlated 33 with a larger reduction in beta desynchronization, and a concomitant reduction in memory 34 performance. These novel results extend the notion that pathological beta activity is causally 35 implicated in the motor and (lesser appreciated) non-motor deficits inherent to Parkinson's 36 disease. 37 synchrony in motor areas of the brain, it stands-to-reason that the memory deficits may well 87 be the result of the elevated levels of beta synchrony which prevent the encoding driven ERD 88 required for semantic processing, and memory formation as a result thereof.
Introduction 38
Parkinson's disease (PD) is classified as a movement disorder. However, there is growing 39 recognition that non-motor burdens also significantly impact those suffering with the able to perform the memory task correctly, and for 1 PD participant due to a change in 136 diagnosis. Demographic information for the remaining 31 control and 28 PD participants is 137 provided in Table 1 . Patients were at an average disease duration of 6 ± 4 years (range 0.3 -138 14) and tested on their normal medications to avoid the confound of exacerbated motor 139 symptoms. See Table 2 for demographic and clinical data for each individual PD participant. 140 All participants were native English speakers, had completed education at secondary or 141 tertiary level, had no history of dementia, had normal or corrected-to-normal vision and In the deep-semantic encoding blocks, participants judged whether the presented word was 149 animate i.e. whether it referred to the property of a living entity. In the shallow-non-semantic 150 encoding blocks, participants judged whether the first and last letters of the word were in 151 alphabetical order. These encoding instructions have been used previously to investigate 152 subsequent memory effects . Recognition 153 testing at the end of each block required participants to rate their confidence as to whether a 154 word presented was one encountered during encoding, or was a new word. This recognition 155 stage was used to calculate memory strength. 156 Normal distributions were confirmed for all behavioural data sets (all P > 0.423). A 0.001). Memory performance improved in both groups with the semantic processing strategy 160 associated with deep encoding (2.524 ± 0.105) leading to greater memory strength (d') during 161 recognition testing compared to shallow encoding (1.249 ± 0.057). There was a Group X 162 Encoding interaction (F 1,57 = 4.885, P = 0.031, Fig. 1A ). One-tailed post-hoc t-tests revealed 163 no difference in memory strength between groups following shallow-non-semantic encoding 164 (t 57 = 0.130, P = 0.500) but deep-semantic encoding lead to greater memory strength in 165 control participants (2.739 ± 0.145) compared to PD (2.309 ± 0.153; t 57 = 2.042, P = 0.023). 166 Although both groups demonstrated memory benefits from the semantic processing required 167 during deep encoding, controls benefited to a greater degree than PD participants. 168 When controlling for age, disease duration had a specific detrimental effect on 169 mechanisms underlying memory formation when semantic processing was required in deep 170 encoding. A LASSO regression was run for PD participants to correlate disease duration with 171 deep-semantic and shallow-non-semantic memory strength as well as age. Only memory 172 strength in the deep-semantic encoding condition was significantly correlated with disease 173 duration ( Fig. 1B , F 1,27 = 11.533, P = 0.002, other P > 0.242). A similar regression analysis to 174 correlate age and memory strength in controls was not performed as the assumption of 175 normality was violated for age. 176 Encoding reaction time and accuracy 177 Reaction times and response accuracies were recorded during the encoding stage when 178 participants were responding 'yes' or 'no' with button presses in response to deep-semantic 179 and shallow-non-semantic judgements. 180 For reaction time, a mixed-effects RM ANOVA produced a main effect of Encoding (F 1,55 181 = 6.430, P = 0.014) but no effect of Group (F 1,55 = 1.289, P = 0.261) or Encoding X Group 182 interaction (F 1,55 = 0.764, P = 0.386). For both groups, reaction time was faster in shallow-183 non-semantic encoding (1.12 ± 0.03 s) compared to deep-semantic encoding (1.17 ± 0.03 s) 184 by an average of 50 ms. Similarly, for accuracy, there was a main effect of Encoding (F 1,55 = 185 139.156, P < 0.001) but no effect of Group (F 1,55 = 0.044, P = 0.834) or Encoding X Group 186 interaction (F 1,55 = 0.119, P = 0.732). Accuracy was higher in shallow-non-semantic encoding 187 (90.9 ± 1.0 %) compared to deep-semantic encoding (75.2 ± 1.1 %) for both groups as 188 expected. The lack of any main effects or interactions with group indicate the significant 189 difference in memory strength between groups in the deep-semantic condition is therefore 190 unlikely to be driven by perceptual differences during encoding. 192 All EEG analysis and presented data are from the encoding stage. EEG data from 1 193 control and 2 PD participants could not be used due to technical problems or large 194 movements from dyskinesia, leaving 30 control and 26 PD EEG data sets for analysis. In 2C & D show beta ERD for electrodes in largest cluster that did not reach significance). A 207 mixed-effects RM ANOVA on averaged beta (over 0 -1.5 s, 12 -20 Hz) further supported 208 this finding by producing a significant Encoding X Group interaction (F 1,54 = 6.959, P = 209 0.011) that confirms the difference between groups in deep-semantic encoding (t 54 = 2.910, P 210 = 0.005) is significantly different to shallow-non-semantic encoding (t 54 = 1.030, P = 0.307).
191

EEG
211
There were no main effects of Encoding (F 1,54 = 0.612, P = 0.437) or Group (F 1,54 = 3.946, P 212 = 0.052). Therefore, a difference in beta ERD between groups is seen only in the deep-213 semantic encoding condition, indicating that there is an ERD deficit in the PD group that 214 occurs specifically during deep-semantic processing.
215
The relationship between beta ERD and the deep-semantic encoding condition is 216 reinforced by the similar pattern of beta ERD seen during the encoding of words that were 217 not successfully remembered (Misses). Misses in controls were associated with greater beta 218 ERD during deep-semantic encoding when compared to PD participants (cluster stat = -54.1, 219 P = 0.031), however no difference between groups emerged during shallow-non-semantic 220 encoding (cluster stat = -3.8, P = 0.330). A mixed effects RM ANOVA similarly produced 221 main effects of Encoding (F 1,54 = 5.450, P = 0.023) and Group (F 1,54 = 6.155, P = 0.016) and a 222 significant Encoding X Group interaction (F 1,54 = 5.975, P = 0.018). The interaction confirms 223 the difference between groups in deep-semantic encoding (t 54 = 3.367, P = 0.001) is 224 significantly different to shallow-non-semantic encoding (t 54 = 0.919, P = 0.362). The fact 225 that a difference in beta ERD is seen between groups during encoding of both remembered 226 and forgotten items implies the difference is related to deep-semantic encoding in general.
227
This overall reduced beta desynchronization may lead to reduced memory performance in PD 
259
Importantly, there was no significant SME associated with shallow-non-semantic encoding 260 (controls: cluster stat = -2.1, P = 0.698, Fig. 4E & F illustrate beta ERD for electrodes in 261 largest cluster that did not reach significance; PD: no clusters were identified). A mixed-262 effects RM ANOVA showed a main effect of Encoding (F 1,54 = 24.265, P < 0.000), 263 confirming that deep-semantic encoding produced a greater average SME (-6 ± 1 %) 264 compared to shallow-non-semantic encoding (1 ± 0.7 %). There was no main effect of Group 265 (F 1,54 = 0.007, P = 0.935) or Encoding X Group interaction (F 1,54 = 0.023, P = 0.880). The 266 lack of an interaction was expected as, although PD participants remembered fewer items 267 than controls following deep-semantic encoding, the remembered items in both groups should 268 be accompanied by similar electrophysiological signatures (i.e. SME) as in both cases they 269 lead to the same behavioural outcomethat of remembering (i.e. d' above zero).
270
Discussion
271
The study confirmed our pre-registered hypotheses and produced several novel findings that 272 provide the first evidence of impaired beta modulation being associated with a non-motor 273 symptom of PD. PD participants showed impaired memory strength compared to healthy and reduced memory strength. This is reinforced by that fact that participants with PD who 281 showed greater beta ERD over left frontal electrodes benefited to a greater extent from the 282 deep-semantic encoding memory strategy. There were no differences between the groups in 283 age, global cognitive function, education or perception during encoding that could explain 284 these behavioural or EEG results. Therefore, our results appear to be specific to episodic 285 memory formation as a result of deep-semantic processing. Overall, our findings strengthen 286 the idea that dysfunctional beta oscillations are likely to be the cause of PD symptoms in both 287 motor and non-motor domains. improve memory with the optimal deep-semantic encoding strategy, albeit to a lesser degree 305 than controls. This finding suggests they are able to recruit the neural mechanisms to process 306 semantic information about the words in the deep encoding condition, but something prevents 307 the formation of a robust memory trace. Overall, people with PD exhibited a limited deep-308 semantic processing capacity during memory encoding rather than a general deficit in 309 recognition memory.
310
The deficit in episodic memory performance following a deep-semantic encoding strategy 311 displayed by PD participants was associated with a reduced dynamic range of beta ERD information stored in the brain (Hanslmayr, Staudigl, & Fellner, 2012 ). In the current study, 316 the greater level of beta desynchronization for deep-semantic versus shallow-non-semantic 317 encoding, and words that were subsequently remembered compared to those that weren't, 318 further supports the importance of beta ERD as the mechanism underlying successful deep- participants remembered fewer items than controls), it is not surprising that both groups 323 displayed similar electrophysiological differences between high confidence hits and misses 324 (i.e. a SME). Importantly however, overall beta ERD was significantly reduced in PD 325 participants compared to controls during deep-semantic processing, but not for words 326 encoded with a shallow-non-semantic strategy. This distinction implies that a reduced 327 capacity to decrease beta power following stimulus presentation for PD participants reduced 328 the richness of semantic information encoded in the brain and therefore weakened the 329 memory strength, leading to fewer successfully recognized words and a lower d' value.
330
It has been proposed that the relative change in pre-to post-stimulus power is most 331 important for memory performance, rather than absolute power levels (Klimesch, Horschig et al., 2015) . We therefore propose that the same pathological BG beta mechanism 357 causing the motor symptoms in PD is contributing to the deficit in deep-semantic encoding of 358 memory seen in the current study. This would imply a common neural mechanism may 359 underlie a variety of deficits in PD that involve cortico-BG processes which operate 360 predominantly in the beta frequency range.
361
It is a matter of speculation as to the cause of altered memory-related beta oscillations 362 within PD. However, there are potential candidate mechanisms that could be contributing to 
391
It is important to note that while we present findings that the neural changes causing 392 episodic memory deficits in PD may resemble those underlying motor symptoms, we do not 393 posit that reduced beta de-synchronisation is the sole deficit that emerges in PD. Nor, in-fact, 394 that there is a single source of beta that homogenises symptomology across domains (Spitzer 395 & Haegens, 2017). Instead, we extend the impact of a deficit that has been identified in the 396 motor domain to other (cognitive) areas. This will likely explain some symptoms well, but 397 not all, and should be a consideration when titrating medications to alleviate different aspects 398 of motor and/or cognitive performance. It is important to make this distinction as we are not 399 claiming that beta observed in the motor system directly influences memory encodingbut 400 that beta in memory-relevant areas is also deficient and, while these rhythms are likely to 401 serve a similar functional role, deficits may indeed be graded across functional areas. Hence, 402 motor deficits and memory deficits may be differentially influenced depending on the 403 underlying pathophysiological state.
404
There are a few limitations to the current study that should be considered. Firstly, the 405 relationship between beta ERD and the behavioural deficit in the PD group is correlational. 406 However, it is the more parsimonious explanation that a common underlying neurological 407 deficit (i.e. impaired beta desynchronization) causes both motor and memory problems than 408 two unrelated behavioural symptoms producing the same epiphenomenon in the beta system. to test episodic memory, greatly reduced retrieval demands in our task, e.g. compared to free 419 or cued recall. A retrieval based explanation for our behavioural findings is therefore rather 420 unlikely. Nevertheless, we cannot completely discount the contribution of impaired beta shallow-non-semantic encoding. However scalp-level EEG has limited spatial resolution.
436
Subsequent studies using magnetoencephalography with a much higher spatial resolution 437 would be needed to investigate these results further. Finally, when considering the 438 generalizability of our results, it is worth noting that the PD patients in the current study were 439 mild to moderately impaired in terms of disease severity. Our study therefore cannot directly 440 speak to the relationship between memory impairments and beta oscillations in severely 441 affected PD patients. However, our findings of an inverse relationship between disease 442 duration and both memory performance and beta desynchronization speaks to a general 443 characterisation that will likely extend (alongside other age-related factors) to those severely 444 impaired patients.
445
Conclusion 446
This study provides the first evidence of impaired beta modulation being associated with a 447 non-motor symptom of PD. PD participants showed impaired memory strength and beta ERD 448 compared to healthy controls during deep-semantic encoding. The neuropathology of PD 449 seemed to have a specific detrimental effect on the mechanisms underlying episodic memory 450 formation in a deep-semantic encoding task leading to both reduced memory strength and 451 reduced beta ERD. We propose that the neural changes causing memory deficits in PD may 452 be the same as those underlying motor symptoms i.e. impaired modulation of beta activity 453 within BG-thalamocortical circuitry. Importantly the decrease in beta modulation shown in 454 our study cannot be explained away as an epiphenomenon that scales with decreased 455 movement in PD. Our findings strengthen the idea that dysfunctional beta oscillations are 456 causal in PD symptomology, and extend their implications to non-motor symptoms of the 457 disease.
458
Materials and Methods
459
The study was approved by the University of Birmingham Research Ethics Committee 460 (ERN_09-528AP20) and written informed consent was obtained from each participant. Data The encoding stimuli were taken from a pool of 240 English words, with a list of 120 per 482 encoding condition selected from the MRC psycholinguistic database (Coltheart, 1981) . The second stage in each block consisted of a distracter task during which 20 faces of 493 famous and non-famous people were presented to the participant one at a time. The 494 participant was required to rate the attractiveness of each face using a 6-point rating scale.
495
The distracter stage was intended to prevent the participants rehearsing the word lists, and 496 also to familiarize participants with the 6-button ratings which were to be used in the 497 subsequent recognition stage.
498
In the final recognition stage of each block, the 30 previously encoded words and 15 novel 499 stimuli words drawn from the same pool were presented to participants one at a time. The 500 order of words was randomized and participants were required to rate their confidence as to 501 whether the word was one encountered in the encoding stage, or was a new word. Ratings 
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